Alcohols are a promising source for the sustainable production of hydrogen that may also serve as rechargeable liquid organic hydrogen carriers (LOHCs). Metal-catalyzed acceptorless dehydrogenation of alcohols produces carbonyl derivatives as H 2 -depleted by-products, which by means of a hydrogenation reaction can be reconverted to the initial alcohols. Hence, reversible H 2 -storage systems based on pairs of secondary alcohols/ketones and primary alcohols/carboxylic acid derivatives may be envisaged. In this contribution, the hydrogenation of carbonyl derivatives, including ketones, esters, amides and carboxylic acids, is reviewed from the perspective of the hydrogen storage in alcohols.
electrophilicity of the carbonyl group, the substrate may interact with the metal center leading to catalyst deactivation.
Although from the principle of microscopic reversibility it can be expected that catalysts that promote the hydrogenation of a carbonyl compound should also be active for the reverse alcohol dehydrogenation, the reaction rates and conditions for both processes may differ significantly. In fact, as demonstrated by their limited number, development of reversible H 2 -storage systems is a difficult task, and in many cases the hydrogenation and dehydrogenation reactions are frequently carried out under conditions involving different solvents and/or additives. Moreover, for a widespread implementation of these H 2 -storage systems, catalysts should fulfil cost and sustainability requirements. In this respect the development of catalysts based on earth-abundant, nontoxic metals is an important issue, although to develop hydrogenation catalysts based on non-precious metals is a particularly difficult task due to the lower hydricity of first-row metal hydrides in comparison to their second-and third-row congeners. Furthermore, the cost of ligands is a frequently neglected aspect, and in this regard use of non-phosphorous ligands may offer advantages in terms of expense, availability and easiness of preparation.
A particularly successful approach to the development of hydrogenation and dehydrogenation catalysts consists on the use of ligands containing an acidic group susceptible to getting involved in protonation/deprotonation reactions and cooperating with the metal center in the activation of H-X (X = H, C, O) bonds [12] . Significant examples of these catalysts are metal complexes based on ligands that contain acid/base responsive M-NH functionalities that may participate in metal-amine/metal-amido transformations [13] , and those containing lutidine-derived moieties in which pyridine aromatization/dearomatization may take place upon deprotonation of the methylene group [14] . Furthermore, by avoiding the requirement for oxidative addition through metal-ligand cooperation, metals do not change their formal oxidation state, what is particularly appropriate for the development of catalysts based on first-row transition metals since these complexes are prone to get involved in one-electron redox and radical processes.
Hydrogenation of ketones

General considerations
The hydrogenation of ketones to the corresponding secondary alcohols is a fundamental process in synthetic chemistry, and a large number of homogeneous catalysts for this reaction, including noble and base metal complexes, have been reported. Since the acceptorless dehydrogenation of secondary alcohols mediated by a metal complex yield a molecule of H 2 and the corresponding ketone [5] [6] [7] , systems based on secondary alcohol/ketone pairs can be envisaged for the reversible storage of hydrogen ( Figure 1) . A particularly appealing H 2 -storage system involving ketone/alcohol pairs is that based on 2-propanol/acetone since both partners are widely available and offers the highest H 2 content (3.3%wt H 2 ) among the secondary alcohol/ketone systems. Moreover, the easiness of the dehydrogenation of 2-propanol, at least in the presence of a hydrogen acceptor, has been demonstrated by its use as a hydrogen source in transfer hydrogenation reactions of synthetic utility [15] . However, unfortunately, reversible hydrogen storage in 2-propanol/acetone mixtures has only been reported in one case by using an iridium catalyst [16] . Because significant advances have been made for the development of efficient catalysts for the release of H 2 from secondary alcohols [5] [6] [7] , as well as for the hydrogenation of ketones [10] , due to space constraints, this section will focus on examples of catalysts that have been shown, or are expected, to efficiently catalyze both types of processes. It should be noted that apart from the above-mentioned 2-propanol/acetone based H 2 -storage system [16] , no other reversible dehydrogenation of secondary alcohols has been reported so far.
Ruthenium and osmium catalysts
A considerable number of ruthenium catalytic systems have been reported for the dehydrogenation of secondary alcohols. Many of these catalysts are formed in situ from available ruthenium precursors in combination with phosphine and amine ligands [17, 18] , although catalysts with well-defined structures have also been described [5] [6] [7] . However, for most of these complexes the catalytic activity in the hydrogenation of ketones has not been reported.
The first ruthenium complexes that have been shown to be catalytically active in both the hydrogenation of ketones and the dehydrogenation of secondary alcohols are Shvo-type catalysts (Figure 2 ). In addition to catalyze the hydrogenation of ketones with relatively low catalyst loadings (S/C = 200-2000) in the absence of solvents (34.5 bar H 2 , 100-145 o C) [19] , Shvo-type complexes catalyze numerous reactions involving alcohol oxidation [20] . In a significant example, Park and co-workers demonstrated the efficiency of complex [(η 5 -Ph 4 C 4 CO) 2 H]Ru 2 (CO) 4 (μ-H)] in the dehydrogenation of 1-phenylethanol and subsequently prepared a recyclable silica-immobilized complex that catalyzes the dehydrogenation of secondary alcohols in refluxing toluene [21] . Based on the unprecedented efficiency in the hydrogenation of ketones demonstrated by the ruthenium catalysts of the type [RuCl 2 (diphosphine)(diamine)] developed by Noyori et al. [22, 23] , Baratta and co-workers have studied ruthenium and osmium catalysts based on ligands containing N-H functionalities in the hydrogenation of ketones and in the oxidation of secondary alcohols. Although osmium is a costly, third-row metal, the higher thermal and oxidative stability of the complexes may facilitate their use at higher temperatures and allow for lower catalyst loadings. Initially, Baratta and co-workers synthetized osmium complexes [OsCl 2 (dppf)(diamine)] incorporating the flexible diphosphine 1,1´-bis(diphenylphosphino)ferrocene (dppf). These derivatives were extremely active in the hydrogenation of ketones ( Figure 3 ) [24] . Reduction of aromatic and aliphatic ketones in basic ethanol at low H 2 pressures with S/C ratios of 10,000-200,000 was accomplished with turnover frequencies of up to 3.0 × 10 5 h −1 (at 50 % conversion). As expected from the principle of microscopic reversibility, the osmium complex [OsCl 2 (dppf)(NH 2 CH 2 CH 2 NH 2 )] and its ruthenium congener were efficient alcohol oxidation catalysts through dehydrogenation [25] . Secondary alcohols were converted to the corresponding ketones at 130 o C in the presence of KO t Bu, providing TOF values up to 300 h −1 (at 50 % conversion). Comparison of the dehydrogenation activity of the ruthenium and osmium catalysts shows that the former generally provided faster reactions (Figure 3 , bottom). Furthermore, following previous contributions from the Noyori group reporting that the substitution of chiral C 2 -symmetrical diamines by 2-aminomethylpyridine (ampy) allowed for higher activities and enantioselectivities in the hydrogenation of sterically demanding ketones [26] , Baratta and co-workers prepared new osmium catalysts incorporating the ampy and dppb (PPh 2 (CH 2 ) 4 PPh 2 ) ligands ( Figure 4) [27] . A mixture of cis-and trans-[OsCl 2 (dppb)(ampy)] complexes was proven to be a highly active catalyst for the hydrogenation of ketones (TOF up to 1.5 × 10 4 h −1 at 50 % conversion), including bulky substrates such as tert-butyl substituted derivatives, under low H 2 pressures (5.0 bar) in basic ethanol (KO t Bu) at 70°C. Moreover, analogous ruthenium and osmium catalysts based on the dppf ligand were examined in the hydrogenation of ketones to secondary alcohols [28] . By using the complexes [MCl 2 (dppf)(ampy)] (M = Ru, Os) (S/C = 1000-5000), the reduction of ketones in basic ethanol or MeOH/EtOH solutions under mild conditions (30-90°C, 5 bar H 2 ) was achieved with TOFs up to 7.5 × 10 4 h −1 . Comparison of the catalytic performance of the diphosphine/diamine complexes demonstrated that osmium catalysts give comparable reaction rates to the ruthenium derivatives provided higher temperatures are employed. Interestingly, the acceptorless dehydrogenation of alcohols to ketones in refluxing t BuOH in the presence of KO t Bu could also be carried out using low catalyst loadings (S/C = 250) of the [MCl 2 (dppf)(ampy)] (M = Ru, Os) complexes. The efficiency of these catalysts was attributed to the flexible ferrocenyldiphosphine ligand that allows the formation of thermally more stable active species with respect to the analogous derivatives having diphosphines with an alkyl backbone. Contrary to the hydrogenation reactions, significantly higher reaction rates were observed with ruthenium-based catalysts than with osmium complexes. In addition, the ampy-containing complexes provided a 10-fold increase in reaction rate with respect to the analogous ethylenediamine derivatives in the dehydrogenation of a cholesterol derivative.
Another type of osmium and ruthenium derivatives for the hydrogenation of ketones developed by the Baratta group is based on orthometalated CNN pincer ligands containing a primary amine donor ( Figure 5 ) [29] [30] [31] . The [MCl(CNN)(PP)] (M = Os, Ru; PP = dppf, dppb, Josiphos) complexes are highly active catalysts for the hydrogenation of aromatic and aliphatic ketones under 5 bar of H 2 at 40-70°C using high catalyst-tosubstrate ratios of 5000-50,000 in basic alcohol solutions. The osmium catalysts required slightly higher temperatures (60-70°C) in comparison to the ruthenium complexes (40-60°C) for achieving similar catalytic activities. Furthermore, the pincer [MCl(CNN)(diphosphine)] (M = Ru, Os) complexes were also tested in the dehydrogenation of α-tetralol ( Figure 6 ). The ruthenium complexes were found to be significantly more active than the osmium derivatives, giving >90 % conversion to α-tetralone after 24 h [25] . Although the hydrogenation of ketones with some ruthenium catalysts that efficiently catalyze the dehydrogenation of secondary alcohols have not been reported, their catalytic activity in the hydrogenation of esters and other carbonyl compounds make them potential candidates for the development of secondary alcohol/ketone H 2 -storage systems. One such an example is due to Beller and co-workers that screened a series of ruthenium complexes and proton-responsive aliphatic pincer ligands (PN H P = HN(CH 2 CH 2 PR 2 ) 2 ) and proved their efficiency in the dehydrogenation of 2-propanol to acetone and ethanol to ethyl acetate [32] . These catalysts, which likely operate through metal-amide/metal-amine interconversion, were found superior to analogous complexes containing lutidine-derived pincer PN Py P ligands and Baratta-type CNN-ruthenium complexes. Particularly, by combining the metal precursor [RuH 2 (CO)(PPh 3 ) 3 ] and the i Pr-PN H P ligand, dehydrogenation of 2-propanol to acetone under neutral conditions at moderately low temperature (90 o C) was achieved with TOF values of 8382 h −1 at 6.7 % conversion and 4835 h −1 at 11.6 % conversion by using a high S/C ratio of 250,000. In addition, a TON higher than 40,000 was observed after 12 h reaction time. It is interesting to note that Ru-PN H P complexes have been demonstrated to efficiently catalyze the hydrogenation of esters [33] .
Similarly, the hydrogenation of ketones with ruthenium complexes based on lutidine-derived pincer ligands has not been reported, although their catalytic activity in the hydrogenation of esters and amides makes them potentially good catalysts for secondary alcohol/ketone H 2 -storage systems [12] . With respect to the H 2 release process, in 2004, Milstein and coworkers reported the dehydrogenation of primary and secondary alcohols with ruthenium complexes incorporating lutidine-derived PN Py P ligands ( Figure 7 ) [34] . In addition, the catalytic activity in the dehydrogenation of secondary alcohols to ketones using PN Py NRu complexes having a hemilabile amino group was studied by the same group ( Figure 7) 
Iridium catalysts
Fujita, Yamaguchi et al. and the Rauchfuss group have reported a series of pentamethylcyclopentadienyliridium (Cp*Ir) complexes incorporating 2-hydroxypyridine-derived ligands that promote the oxidization of primary and secondary alcohols with liberation of molecular hydrogen [37] [38] [39] [40] . Particularly, dehydrogenation of aliphatic and aromatic secondary alcohols under solventless conditions at moderately low temperatures (>90°C ) was accomplished by using an aquo Cp*Ir complex with a bipyridonate ligand ( Figure 8 ) [16] . Furthermore, hydrogen release and storage based on the reversible transformation between 2-propanol and acetone were accomplished. By using the bipyridonate complex (S/C = 67, neat conditions), 2-propanol was transformed quantitatively under reflux to acetone with evolution of H 2 . Interestingly, the H 2 -storage step based on the quantitative hydrogenation of acetone to 2-propanol was carried out using 1 bar of H 2 at 40°C. Overall, eight cycles were performed without a significant loss of the catalytic activity and in 95-100 % yield for each separated step, what represents a H 2 storage capacity of 2.8-2.9 %wt of a maximum theoretical value of 3.35% wt expected for 2-propanol. 
Non-noble metal catalysts
In 2014, Jones, Schneider and co-workers reported the use of pincer PN H P-supported iron complexes that promote both the dehydrogenation of primary and secondary alcohols and the hydrogenation of acetophenones under mild, base-free conditions ( Figure 9 ) [41, 42] . Dehydrogenation of benzylic and aliphatic alcohols was performed with notable efficiency with TONs of up to 790. Moreover, dehydrogenation of substrates containing primary and secondary hydroxyl groups, such as 1-phenyl-1,2-ethanediol and 1,3-butanediol, occurred selectively at the secondary alcohol moiety. Notably, the potential of this iron-based catalytic system for the reversible storage of H 2 was demonstrated with the hydrogenation of acetophenone and 4′-methoxyacetophenone under mild conditions (1-5 bar H 2 , 20-50°C) using substrate-to-catalyst ratios of up to 2000. Unfortunately, however, hydrogen release/recharge cycles were not performed. The catalytic activity in the hydrogenation of ketones to secondary alcohols of cobalt(II) complexes incorporating a bis(phosphinoethyl)amine (PN H P) pincer ligand was reported by Hanson and co-workers ( Figure 10 ) [43] . These derivatives hydrogenate aliphatic and aromatic ketones under mild conditions (1 bar H 2 , 25-60 o C) with S/C ratios of 50. Furthermore, ketones, including aliphatic and aromatic derivatives, were produced by the dehydrogenation of secondary alcohols in toluene at 120°C [44] . While the same catalytic system promotes both the hydrogenation and dehydrogenation processes, based on experimental evidences different mechanisms were proposed for each transformation [45] . An investigation of the mechanism of the dehydrogenation reaction revealed a Co(I)/Co(III) catalytic cycle, involving the formation of cobalt hydride/alkoxide species, β-elimination of the alkoxide ligand and reductive elimination to give H 2 . Moreover, an analogous complex based on a NMe-containing pincer (PN Me P) provided similar activity in the dehydrogenation reaction to the original complex, suggesting that the NH functionality is not directly involved in the catalyst reactivity. On the contrary, metal-ligand cooperativity was proposed for the hydrogenation of ketones since the analogous PN Me P-Co complex was found inactive. 
Hydrogenation of esters
General considerations
Similarly to the dehydrogenation of secondary alcohols to provide ketones, the dehydrogenation of a primary alcohol may yield the corresponding aldehyde and a molecule of H 2 . However, the acceptorless dehydrogenation of primary alcohols to aldehydes is a challenging transformation since inhibition of the catalyst by coordi-nation of CO resulting from aldehyde decarbonylation may occur. In addition, the high reactivity of aldehydes in the presence of bases makes these derivatives a poor hydrogen storage medium since many alcohol dehydrogenation catalysts operate under basic conditions. Alternatively, a considerable number of catalysts have been shown to mediate the dehydrogenative coupling of primary alcohols to the corresponding esters following a Tishchenko-type process [4, 5, 7] . Hence, the interest in ester hydrogenation for hydrogen storage purposes resides in the development of cycles based on the dehydrogenative coupling of primary alcohols to yield two molecules of H 2 and the addition of hydrogen to the resulting symmetrical esters ( Figure 12 ). Although in principle, any primary aliphatic alcohol may serve as a hydrogen carrier, the use of widely available molecules is particularly appealing. At this respect, ethanol (4.37%wt available H 2 ) is the most interesting carrier since it can be conveniently produced in large quantities from renewable bio-sources. In addition, ethanol dehydrogenation produces ethyl acetate, a commodity chemical widely used as solvent. However, although the hydrogenation of ethyl acetate and the dehydrogenation of ethanol have been studied with different catalytic systems, the realization of hydrogen charge/release reversible cycles in ethanol/ethyl acetate storage systems has not been reported. As a consequence of the lower electrophilicity of the carbonyl carbon of esters in comparison to ketones, the hydrogenation of this class of substrates is considerably more difficult. However, a remarkable progress in the hydrogenation of esters has been achieved in the last decade. While most catalysts have been developed bearing in mind their applications for the synthesis of intermediates needed for the production of fragrances, flavors, pharmaceuticals and detergents or the upgrading of bio-based feedstocks, the lessons learned with these catalytic systems can be directly translated to the field of hydrogen storage. Industrially, hydrogenation of esters has been accomplished by the use of heterogeneous catalysts, which require high temperatures (200-300 o C) and pressures (200-300 bar H 2 ) that cause the formation of undesired by-products resulting from competing reactions such as transesterification and reduction of C = C/aromatic groups [47] . These harsh conditions however are not adequate for hydrogen storage purposes, where state-of-the-art homogeneous catalysts that operate under milder conditions providing improved selectivities are of advantage.
Ruthenium and osmium catalysts
The first examples of the hydrogenation of simple esters involved the ruthenium catalyzed reduction of highly activated substrates such as trifluoroacetate esters [48] . A major improvement came from Teunissen and Elsevier, who reported a catalytic system composed of [Ru(acac) 3 ] and the Triphos (MeC(CH 2 PPh 2 ) 3 ) ligand that was effective in the hydrogenation of unactivated aromatic and aliphatic esters (benzyl benzoate and methyl palmitate) under somewhat forcing conditions (85 bar H 2 , 100-120°C) [49] . Similarly, Nomura et al. used [Ru(acac) 3 ] with an excess of P(n-C 8 H 17 ) 3 in the hydrogenation of methyl phenylacetate employing higher temperatures and lower pressures of H 2 (200°C, 10 bar H 2 ) [50] . The catalytic activity of these systems is significantly modified by the use of additives, and in addition to the hydrogenation of the esters, formation of transesterification products was also observed.
A major breakthrough in ester hydrogenation was disclosed by the Milstein group in 2006. By using welldefined ruthenium catalysts based on dearomatized lutidine-derived PN Py N pincer ligands, the hydrogenation of unactivated esters was achieved under base-free, mild conditions (S/C = 100, 5.4 bar H 2 , 115°C) ( Figure 13 ) [51] . It is worth mentioning that this catalyst precursor also catalyzes efficiently the acceptorless dehydrogenation of primary alcohols to esters [52] . The same group has also reported an analogous PN Py N-Ru complex with a η 2 -coordinated BH 4 -ligand, [RuH(BH 4 )(PN Py N)], that was found active in both the hydrogenation of esters and the dehydrogenation of alcohols under base-free conditions [36] . Based on these results, this group and others have developed a number of ruthenium catalysts incorporating lutidine-derived pincers based on N-heterocyclic carbene donors [53, 54] . Although the presence in the ligand of a hemilabile N-donor group seems an important requisite for catalyst activity, Pidko and coworkers have reported an active complex with a CN Py C ligand that converts, for example, methyl benzoate quantitatively to methanol and benzyl alcohol within 16 h using low catalyst loadings (S/C = 1000) under relatively mild conditions (70 °C, 50 bar H 2 ) [55] . In 2016, Chianese and co-workers reported related ruthenium catalysts based on a picoline-based CN
Py N scaffold that were tested in the hydrogenation of esters under mild conditions (105°C, 6 bar H 2 ) ( Figure 14 ) [56] . Catalyst activity was found to depend strongly on the NR 2 substituents since a dimethylamino-substituted ligand gave a poorly active catalyst (maximum TON of 30), while the analogous diethylamino-substituted derivative provided TONs of up to 980 in the hydrogenation of benzyl benzoate. This catalytic system efficiently catalyzes the hydrogenation of aryl-and alkyl-substituted esters with the notable exception of methyl esters. The low reactivity of the latter substrates was ascribed to an intrinsically reduced reactivity of the methyl esters with the catalyst. However, since base-catalyzed transesterification was found rapid under the reaction conditions, methyl esters could be effectively hydrogenated when benzyl alcohol was added to the reaction mixture. Interestingly, the reverse reaction, dehydrogenative homocoupling of primary alcohols to give esters, was tested with 1-hexanol to yield hexyl hexanoate with relatively high TONs of up to 920. A highly active ruthenium catalyst for ester hydrogenation featuring a tetradentate bipyridine ligand has been reported by Zhou and co-workers. In the presence of base, this complex efficiently hydrogenates biomass derived aromatic and aliphatic esters and lactones with low catalyst loadings (S/C up to 10 5 ) ( Figure  15 ) [57] . The catalyst has several similarities with the Milstein system including the possibility of the pyridine central ligand fragment in getting involved in aromatization/dearomatization processes and the presence of a hemilabile amino group. Moreover, catalyst recycling was demonstrated in the hydrogenation of ethyl acetate. After removal of the produced EtOH under reduced pressure, only a minor decrease in catalyst activity was observed. As expected, catalytic systems based on ligands exhibiting reversible metal-amine/metal-amido transformation have also been examined in the hydrogenation of esters. The first example of this type of catalysts was disclosed along with ruthenium complexes incorporating imine-phosphine PNNP ligands by researchers at Firmenich shortly after the Milstein group reported their results with the PN Py N-Ru system ( Figure 16 ) [58] . A ruthenium complex incorporating amino-phosphine ligands promoted the hydrogenation of aromatic and aliphatic esters operating at 100°C under 50 bar of H 2 with low catalysts loading (S/C = 2000) in the presence of NaOMe. Under these conditions, alkyl benzoates were hydrogenated quantitatively in 1 h, whereas alkyl esters and lactones required longer reaction times (2.5 and 4 h, respectively) to produce the corresponding alcohols with >80 % yield. Researchers at Takasago reported a ruthenium catalyst based on an aliphatic tridentate PN H P ligand having a central secondary amino group that was specifically designed for industrial applications, and particularly to operate in basic methanol solutions where solvent decarbonylation may poison the catalyst (Figure 17 ) [33] . The ruthenium-PN H P complex (termed Ru-MACHO) hydrogenated a series of unactivated esters in MeOH at 100°C under 50 bar H 2 in the presence of NaOMe with up to 1000 turnovers in 16 h. Interestingly, the catalytic activity of this complex to dehydrogenate ethanol to ethyl acetate under acceptorless conditions has also been demonstrated [59] . An interesting modification of the previous catalyst consists in substituting a phosphine group by a hemilabile N-donor fragment. For example, Gusev and co-workers examined a compendium of ruthenium and osmium catalysts based on tridentate PN H N ligands, having a central amino group and a hemilabile pyridine arm, in the hydrogenation of methyl benzoate ( Figure 18 ) [60] . A ruthenium dimer was a particularly efficient catalyst in the absence of additional base providing 18,000 turnovers in 17 hours under 50 bar of H 2 at 100°C. In contrast, ruthenium and osmium monomeric complexes were active only in the presence of base (1 mol% KO t Bu). The hydrogenation of other alkyl-and aryl-substituted esters was accomplished with the dimeric catalysts with TONs of up to 7100. In addition, the ruthenium monomer and the osmium dimer complexes were efficient in the dehydrogenation of alcohols, although the realization of H 2 release/recharge cycles was not reported. Further screening by the same group of related ruthenium and osmium catalysts based on PN H N, NN H N and PN H P ligands in alcohol dehydrogenation and ester hydrogenation yielded the discovery of a highly active ruthenium catalyst able to perform the hydrogenation of esters with low catalyst loadings (S/C = 4000-20,000) ( Figure 19 ) [61] . For example, under 50 bar of H 2 at 40 o C, the PN H N-Ru complex promotes the hydrogenation of ethyl acetate to ethanol with an initial TOF of 1250 h −1 . Moreover, although this complex is also an efficient catalyst in the acceptorless dehydrogenation of ethanol to ethyl acetate (reflux solventless conditions, TOF up to 425 h −1 ), reversible H 2 -storage was not demonstrated. In a subsequent study, osmium complexes based on PN H N ligands containing phosphine, aminophosphine or phosphinite donors were evaluated in the selective hydrogenation of esters containing olefinic bonds ( Figure  20 ) [62] . Particularly, the osmium complex based on an aminophosphine fragment was an efficient hydrogenation catalyst providing excellent carbonyl selectivity. It is worth noting that these catalysts also exhibit a high activity for acceptorless dehydrogenative homocoupling of alcohols to esters and coupling of amine and alcohols to amides. Finally, the analogous dihydrido complex was prepared and demonstrated to hydrogenate esters under neat conditions and 50 bar H 2 at room temperature. For example, methyl acetate, ethyl acetate, and ethyl butyrate were reduced using low catalyst loadings (S/C = 2000) with useful TONs of 730, 715, and 530, respectively, after 1 h. A marginal increase in the catalytic activity was observed in the reduction of ethyl acetate upon addition of 1 mol% NaOMe (TON = 740, 1 h), whereas the reaction without base carried out at 40 °C was effected with 1315 turnovers in 1 h. Liu, Yang, Sun and coworkers used a ruthenium complex incorporating the 8-(2 diphenylphosphinoethyl) amidotrihydroquinoline ligand that operates with low catalyst loadings in combination with NaBH 4 in the hydrogenation of esters (Figure 21 ) [63] . Both aromatic and aliphatic esters could be converted to their corresponding alcohols with high TONs of up to 50,000 and TOFs up to 2000 h −1 . In previous studies this ruthenium complex was shown to be a competent catalyst for alcohol dehydrogenation in the coupling cyclizations of γ-aminoalcohols with secondary alcohols [64] . An interesting approach for the development of competent hydrogenation catalysts consists of the use of ligands containing two proton-responsive functionalities, as explored by Milstein and co-workers by studying ruthenium complexes incorporating lutidine-based tridentate PN Py N H ligands containing secondary amine donor fragments (Figure 22 ) [65] . These derivatives that can get involved in both metal-amine/metal-amide and pyridine aromatization/dearomatization processes are active ester hydrogenation catalysts under very mild conditions (room temperature, 5 bar of H 2 ) and catalyze the dehydrogenative coupling of alcohols to esters at low temperatures (35°C). The synthesis of phosphorous-containing ligands requires the use of expensive and difficult-to-handle organophosphorus reagents, what might represent a serious limitation to the widespread implementation of a H 2 storage system. Aiming to replace phosphine ligands by cheaper counterparts having sulfur donor groups, Gusev et al. have assessed the hydrogenation of esters mediated by SN H S-Ru complexes ( Figure 24 ) [68] . In addition to its high efficiency in the hydrogenation of esters to alcohols and transesterification products (TONs up to 58,400 and TOF of 2781 h −1 at 40°C), this complex is also a highly active catalyst in the reverse reaction of alcohol homocoupling to afford symmetrical esters. Another example of phosphine-free ruthenium catalysts for ester hydrogenation was disclosed by Pidko et al. and involves the use of bis-(N-heterocyclic carbene)-amino ligands (Figure 25 ) [69] . Initial catalyst screening was performed by the in situ formation of the active species from the corresponding bis-imidazolium salts, LiHMDS and the ruthenium precursor [Ru(PPh 3 ) 4 Cl 2 ]. The most active catalyst was isolated and tested in the hydrogenation of a range of aliphatic and aromatic esters at 70°C under 50 bar of H 2 using low catalyst loadings (S/C up to 15,000). In addition, a phosphine-free Cp*Ru catalyst bearing a N-heterocyclic carbene tethered to a NH 2 group has been reported by Morris et al. (Figure 26 ) [70] . This complex catalyzes the hydrogenation of esters to alcohols under 25 bar of H 2 at 50°C in the presence of KO t Bu using S/C ratios of 1500 with TOFs up to 585 h −1 . The Beller group has studied the application of ruthenium-based catalytic systems containing bidentate ligands lacking proton-responsive functionalities. For example, by testing different combinations of ruthenium precursors and hemilabile imidazolylphosphine ligands in the hydrogenation of methyl benzoate, efficient catalytic systems were developed for the hydrogenation of alkyl benzoates and aliphatic esters ( Figure 27 ) [71] . Moreover, a phosphorous-free catalytic system composed of a ruthenium complex and a bis(imidazolium) salt precursor of a bis(N-heterocyclic carbene) ligand has been developed [72] . 
Iridium catalysts
In addition to ruthenium and osmium catalysts, a few examples of iridium complexes active in the hydrogenation of esters have also been reported ( Figure 28 ). Beller et al. have employed iridium complexes based on aliphatic PN H P ligands, [IrH 2 X(PN H P)] (X = H, Cl) [73] . While the dihydridochloro derivative was an efficient catalyst in the presence of base (50 bar H 2 , 130°C), the analogous trihydrido complex was able to catalyze the hydrogenation of esters in the absence of an external base, although significantly better conversions (up to 98 turnovers) were observed in reactions carried out in basic solutions. Moreover, Sanford, Goldberg and co-workers screened a series of cyclopentadienyl-bipyridine iridium complexes in the base-free hydrogenation of ethyl acetate (60 bar H 2 , 120°C, neat conditions) ( Figure 28 ) [74] . Turnover numbers between 116 and 363 were achieved from a maximum theoretical TON of 5100, and an acceleration of the reaction rates was observed in the presence of catalytic amounts of the Lewis acid Sc(OTf) 3 . With the best catalyst, poor conversions were observed in the reduction of acetates and benzoates, while formates were hydrogenated in good yields with significant TONs of up to 173 (S/C = 200, 30 bar H 2 , 100°C).
Non-noble metal catalysts
In the search of cost-efficient catalysts, complexes based on first-row metals have been examined in the hydrogenation of esters. In 2014, three independent reports of iron catalysts based on PNP ligands were made by the groups of Milstein [75] , Fairweather and Guan [76] and Beller [77] (Figure 29 ). While the iron complex based on a lutidine-derived PN Py P ligand reported by Milstein et al. was only effective in the hydrogenation of activated esters (trifluoroacetates), the NH-containing PN H P-iron complexes of Guan and Beller were able to produce the hydrogenation of non-activated esters. Interestingly, a mechanism based on metal-ligand cooperation was proposed on the basis that an analogous iron complex incorporating a PN Me P ligand was not active in the hydrogenation of esters under similar reaction conditions. Furthermore, use of a second generation catalyst with a PN H P ligand containing less sterically demanding ethyl groups improved the catalytic activity allowing for lower catalyst loadings and temperatures [78] . Also, addition of NEt 3 as a BH 3 scavenger was found to favor increased reaction rates [79] . In addition, cobalt catalysts based on proton-responsive PNP ligands have also been employed in ester hydrogenation. For example, Milstein and co-workers studied the application of lutidine-derived PN Py P and PN Py N ligands containing phosphine and amine donors in the cobalt-catalyzed hydrogenation of esters (Figure 31 ) [81] . While all the catalysts tested promoted the reduction of esters with H 2 , a complex incorporating a secondary amino group was found the most active in the presence of sub-stoichiometric amounts of NaHBEt 3 and KO t Bu. Interestingly, activated esters such as trifluoroacetates and aryl esters could not be reduced with this catalytic system and only the hydrogenation of enolizable derivatives was accomplished. Hence, based on the observed relative reactivity of the esters, a likely mechanism involving an ester enolate intermediate was proposed. Alternatively, Jones and co-workers have reported the hydrogenation of esters catalyzed by a cobalt complex incorporating an amino-based PN H P ligand (Figure 32 ) [82] . A serious drawback of this catalytic system is the lack of reactivity of methyl esters that have been attributed to catalyst deactivation resulting from the decarbonylation of methanol. Interestingly, an analogous cobalt complex incorporating a non-proton-responsive ligand PN Me P provided a comparable activity to that obtained with the PN H P-Co catalyst in the hydrogenation of benzyl benzoate and γ-valerolactone, suggesting that the reaction mechanism does not involve metal−ligand cooperation. In 2016, manganese catalysts containing pincer-type PN H P ligands for the hydrogenation of esters were reported by the Beller group (Figure 33 ) [83] . Reaction of [Mn(CO) 5 Br] with HN(CH 2 CH 2 P(Et) 2 ) 2 yields a mixture of neutral and cationic complexes that hydrogenates aromatic and aliphatic esters, as well as lactones, in good yields using substrate-to-catalyst ratios of 50 (110°C, 30 bar H 2 ). More sterically demanding ligands, such as those based on P i Pr 2 and PCy 2 fragments provided less reactive catalysts. Similarly, Clarke and co-workers have employed a manganese complex with a facially coordinated chiral tridentate PN H N ligand that accomplished the hydrogenation of aryl-and alkyl-substituted esters in good yields using typical S/C ratios of 100 ( Figure 33 ) [84] , although the reduction of butyl butyrate to butanol was achieved with a S/C ratio of 1000 in 82 % yield. This manganese derivative is also an efficient catalyst in the enantioselective hydrogenation of ketones.
Milstein and co-workers reported a manganese complex based on a lutidine-derived PN Py N H ligand that operates at 100°C under 20 bar of H 2 in the presence of KH, providing in most cases quantitative conversions to the corresponding alcohols ( Figure 33 ) [85] . Interestingly, although the ligand incorporates two proton-responsive functionalities, preliminary mechanistic studies support an outer-sphere mechanism only involving amine deprotonation.
In another recent example of manganese-catalyzed hydrogenation of esters, Pidko and co-workers examined the catalytic activity of a series of manganese complexes incorporating the 2-(aminoethyl)diphenylphosphine ligand. A particularly simple manganese-based catalyst was found to efficiently catalyze the transformation of unactivated esters to alcohols in good yields by using S/C = 500 ( Figure 33 ) [86] . A significant influence of the concentration of base on the catalytic activity was evidenced, particularly in the case of methyl and ethyl esters, that was ascribed to catalyst inhibition by the formation of metal-alkoxide species from the resulting alcohols.
Hydrogenation of amides
General considerations
Amides can be readily obtained by the dehydrogenative coupling of primary alcohols with amines with the concomitant release of two molecules of H 2 [4, 5, 7] . Moreover, the reverse reaction, the hydrogenation of amides to yield mixtures of alcohols and amines, is also known. Hence, use of alcohol+amine/amide partners is a potential method for the development of reversible hydrogen storage systems, and several reports have demonstrated the feasibility of this approach ( Figure 34 ) [87, 88] . As in the case of hydrogen storage in alcohol/ester systems, ethanol (4.37 %wt available H 2 ) is the most appealing alcohol carrier; however, the maximum theoretical H 2 capacity significantly depends on the amine partner. The hydrogenation of amides has been proven to be a more challenging reaction than that of esters due to the reduced electrophilicity of the amido group. Moreover, the reduction of amides using hydrogen gas may proceed by two different routes involving the reductive cleavage of either the C-N or C-O bonds ( Figure  35 ). Addition of hydrogen to the carbonyl group of an amide gives initially the formation of the corresponding hemiaminal. Elimination of an amine molecule from this intermediate yields the corresponding aldehyde, which in a subsequent step can be hydrogenated to alcohol (route a). Alternatively, dehydration of the hemiaminal gives an imine (route b), which hydrogenation leads to the corresponding amine. While both processes are of significant synthetic interest, only the reduction of amides involving reductive C-N cleavage is relevant to the storage of H 2 in alcohols by the performance of cycles as shown in Figure 34 . 
Ruthenium catalysts
While pioneering work by Ikariya and co-workers accomplished the hydrogenation of cyclic N-acylcarbamates and N-acylsulfonamides, these substrates have a low interest for applications in H 2 storage [89] . However, shortly afterwards, in 2010 a major breakthrough in the field was made by the Milstein group. By the use of ruthenium complexes based on dearomatized lutidine-derived ligands, aliphatic and aromatic amides were selectively hydrogenated to mixtures of the corresponding alcohols and amines under mild, base-free conditions (110°C, 10 bar H 2 ) (Figure 36 ) [90] . Further attempts to improve the structure of the catalysts by introducing different tethers in the pyridine-pyridine linkage were unsuccessful due to catalyst deactivation resulting from intramolecular C-H activation [91] . Interestingly, PN Py N-Ru complexes are also effective catalysts in the dehydrogenation of alcohols in the presence of amines to form amides [92] , and consequently the development of H 2 storage systems based on alcohol+amine/amide pairs was envisaged. In 2015, Milstein and co-workers reported the reversible dehydrogenation of 2-aminoethanol (AE), an abundant and inexpensive molecule, to a cyclic dipeptide (glycine anhydride, GA) and linear polypeptides ( Figure 37 ) [87] . The maximum theoretical hydrogen content of the system is 6.56 %wt, although the formation of the polypeptides lowers the hydrogen storage capacity. Hydrogenation of glycine anhydride, and mixtures with the linear polypeptides, was performed in the presence of base with ruthenium catalysts containing lutidine-derived PN Py N ligands, in which the N arm is either a hemilabile diethylamino group or a proton-responsive NH t Bu functionality. Both glycine anhydride and the polypeptides were hydrogenated to yield 2-aminoethanol and 2-amino-N-(2-hydroxyethyl)acetamide (AA). More importantly, repetitive cycles of H 2 release/recharge were conducted in dioxane without adding new catalyst (S/C = 100), although catalytic amounts of KO t Bu were added after each reaction to prevent catalyst deactivation by adventitious traces of water. The real maximum initial hydrogen storage capacity under these conditions was 0.085 %wt, which it is quite far from the maximum theoretical value of 6.56 %wt. The same group has also developed a rechargeable H 2 -storage system with a maximum hydrogen storage capacity of 5.3 %wt based on the dehydrogenation of ethanol in the presence of ethylenediamine (ED) to form diacetylethylenediamine (DAE) (Figure 37 ) [88] . Separated hydrogenation reactions were performed at 115°C under 50 bar of H 2 using a PN Py N-Ru complex (S/C = 500) to yield ethanol and ethylenediamine along with N-(2-aminoethyl)acetamide (AEA) resulting from the partial reduction of DAE. Three repetitive dehydrogenation/hydrogenation cycles were carried out using a substrate-to-catalyst ratio of 250 and dioxane as reaction medium with conversions between 92 and 100 %. Under the employed reaction conditions the actual maximum hydrogen storage capacity was 1.65 %wt.
Catalysts incorporating proton-responsive ligands capable of metal-amine/metal-amide interconversion have also been examined in the hydrogenation of amides. Initial work was reported in 2011 by the group of Ikariya that used Cp*Ru catalysts with a protic amine ligand in the hydrogenation of lactams and benzamides ( Figure 38 ) [93] . This catalytic system, however, required the use of high catalyst loadings and is limited to substrates with N-aryl substituents. Ruthenium complexes based on amino-phosphine ligands have been profusely examined in the hydrogenation of amides. For example, Bergens and co-workers have reported a η 3 -allyl-ruthenium complex containing the 1-amino-2-diphenylphosphinoethane ligand that was a competent catalyst in the hydrogenation of amides and lactams (Figure 39 ) [94] . High turnover numbers up to 1000 were reached for several amides, and a TON of 7120 was achieved in the hydrogenation of N-phenylpyrrolidin-2-one. In a subsequent study, the same group developed a catalytic system derived from the reaction of the cationic allyl precursor [Ru(η 3 -C 3 H 5 )(Ph 2 P(CH 2 ) 2 NH 2 ) 2 ]BF 4 and NaBH 4 under H 2 , which under 50 bar of H 2 at 100°C hydrogenates under base-free conditions secondary and tertiary amides with TONs between 270 and 1000 [95] . This base-free protocol is tolerant to many functional groups, and it is particularly suitable for the hydrogenation of secondary amides that may inhibit the catalytic activity by forming amidate ligands upon deprotonation. However, in the hydrogenation of a series of benzamides and secondary N-heterocyclic-substituted amides, the base-free reactions were less effective than those assisted by base. [96] . A combination of the ruthenium complex and Zn(OCOCF 3 ) 2 was found to efficiently hydrogenate benzamides and acetamides by using substrate-to-metal ratios of 500 under 30 bar of H 2 . Other zinc additives also showed an increase in the hydrogenation rate. The beneficial role of Zn(OCOCF 3 ) 2 was ascribed to its function as a source of trifluoroacetate ligands and as a Lewis-acid promoter for amide activation.
Saito et al. have reported the hydrogenation of non-activated amides by using a phosphino-pyridine ruthenium catalyst in combination with sterically demanding alkoxide bases. Mechanistic studies demonstrated that hydrogenation of the pyridine fragment of the ligand enables catalytic activity by forming a catalytic species with a HRu-NH functionality ( Figure 40 ) [97] . (Figure 41 ) [98] . Moreover, this catalyst is also able to promote under basic conditions the hydrogenolysis of primary amides (150°C, 50 bar of H 2 ), a class of substrates that has been scarcely investigated. 
Non-noble metal catalysts
Development of amide hydrogenation catalysts based on non-precious metals is a particularly difficult task due to the lower hydricity of first-row metal hydrides in comparison to their second-and third-row congeners.
However, a few examples of catalysts based on earth-abundant metals have been reported. For example, the first iron-based catalytic system for the hydrogenation of amides was released by the Milstein group in 2016 and involves the use of a lutidine-based PN Py P-Fe complex. This catalyst is active in the hydrogenation of activated secondary and tertiary 2,2,2-trifluoroacetamides under relatively forcing conditions (60 bar H 2 , 140°C) [100] .
Alternatively, unactivated amides were hydrogenated by iron catalysts incorporating aliphatic amino-based PN H P ligands (Figure 43 ). Langer and co-workers studied the influence on the stability and catalytic activity of the phosphino group PR 2 substituents of PN H P-Fe complexes in the hydrogenation of methyl benzoate, and the most active catalyst (R = Et) was employed in the hydrogenation of secondary and tertiary amides under base-free conditions [101] . In a related study, Sanford et al. investigated the catalytic performance of a series of PN H P-Fe complexes in the hydrogenation of N,N-dimethylformamide and found that the complex based on a PCy 2 fragment was a better catalyst than those incorporating less bulky substituents (R = Et or i Pr) [102] . TON values in the range 288-300 were obtained using S/C = 300 and K 3 PO 4 as base (20-50 bar H 2 , 110-130°C). Moreover, the use of more enforcing reaction conditions provided 1080 turnovers at S/C = 3000. Furthermore, this catalyst was found to give an initial reaction rate only 1.7-fold slower than the analogous ruthenium catalyst. Hydrogenation of other amides, such as formamides and alkyl-and aryl-substituted amides, was accomplished with this catalytic system with TONs ranging from 25 to 300. A related deprotonated pentacoordinated PN Py P-Fe complex that operates under base-free conditions was reported by Bernskoetter and co-workers ( Figure 43 ) [103] . With this catalyst, reaction rates enhancements were observed by the addition of Lewis acids (LiOTf) and secondary amides (formanilide).
In 2017, the Beller group employed a manganese catalyst based on a facially coordinated imidazolylaminophosphine PN H N ligand incorporating a NH functionality in the hydrogenation of secondary and tertiary amides, including formamides. Under relatively mild, basic conditions a series of amides were reduced to alcohols and amines with high conversions using S/C ratios between 20 and 50 ( Figure 44 ) [104] . Moreover, difficult-to-hydrogenate primary benzamides were reduced to the corresponding alcohols and ammonia in moderate yields (30-65 %) by using substrate-to-catalyst ratios of 14-20 under 50 bar H 2 at 140°C. 
Hydrogenation of carboxylic acids
General considerations
A large number of carboxylic acids are available from both the petrochemical industry and biomass. Hence, since hydrogen production from the transformation of alcohols to the corresponding carboxylates using water as oxidant has been reported [105, 106] , the use of carboxylic acids may result of interest in the field of hydrogen storage, although this approach remains to be tested (Figure 45 ). Hydrogenation of carboxylic acids involves the transfer of two H 2 molecules and the cleavage of a C-O bond, and it is significantly more difficult than the hydrogenation of esters and amides since the substrate may interact with the metal center leading to catalyst deactivation. Heterogeneous catalysts have been reported for the hydrogenation of carboxylic acids; however, the harsh reaction conditions required make them poorly adequate for the development of hydrogen storage systems since in addition to alcohols, other derivatives such as esters and ethers are formed [47] . Alternatively, homogeneous catalysts can be regarded as more appropriate for carboxylic acid hydrogenations provided that coordination of carboxylate ligands at the vacant sites leading to catalyst deactivation does not take place. Unlike the hydrogenation of esters and amides that is performed under basic or neutral conditions, catalysts for carboxylic acid hydrogenations need to operate under acidic conditions. Hence, the use of catalysts based on proton-responsive ligands seems poorly promising, and development of catalytic systems for the dehydrogenation of alcohols to carboxylic acids under neutral or acidic conditions is a prerequisite for the obtention of efficient H 2 -storage systems based on alcohol+H 2 O/carboxylic acid pairs. Furthermore, most research involving the hydrogenation of carboxylic acids has been carried out for biogenic substrates that serve as chemical platforms, and only few examples of the reduction of carboxylic acids leading to alcohols with high available hydrogen content, such as formic and acetic acids, have been reported.
Noble metal catalysts
Seminal studies involving the use of homogeneous catalysts for the hydrogenation of carboxylic acids were made under elevated hydrogen pressures (>100 bar) [47] . However, in 2013, Goldberg et al. screened a series of half-sandwich rhodium and iridium complexes in the hydrogenation of glacial acetic acid solutions under relatively mild conditions (2 mM catalyst, 30 bar H 2 , 120°C) (Figure 46(a) ) [107] . In the reactions with the iridium complexes, conversion to ethyl acetate was accomplished with the formation of minor amounts of ethanol and diethyl ether with TONs up to 777. Moreover, catalytic activity could be increased reaching TONs of 1637 by the used of protic and Lewis acids as additives. Under the same reaction conditions rhodium complexes operate with lower TONs of up to 125. Furthermore, hydrogenation of other short-chain carboxylic acids was also tested with the Cp*-iridium catalysts. Significantly slower reactions were observed as the chain length increases, as well as changes in the alcohol/ester selectivity that increases from a 1:2.5 ratio in the hydrogenation of acetic acid to 2:1 for the propionic and butyric acids. Some of these catalysts were also applied in the hydrogenation of esters [74] . Hydrogenation of formic acid has been investigated by Laurenczy, Himeda et al. using also Cp* iridium catalysts containing substituted 2,2´-bipyridine ligands (Figure 46(b) ) [108] . With an iridium complex bearing 5,5′-dimethyl-2,2′-bipyridine in the presence of 10 mol% H 2 SO 4 , a TON of 1314 was achieved when formic acid aqueous solutions at 60°C were exposed to 52 bar of H 2 . In addition to MeOH, which was obtained with 47 % selectivity, methyl formate is formed because of the equilibrium under acidic aqueous conditions between formic acid/MeOH and methyl formate/water. In the absence of an external hydrogen pressure, formic acid disproportionation produced MeOH with 15 % selectivity.
Ruthenium complexes containing the Triphos ligand have shown a high efficiency in the hydrogenation of carboxylic acids ( Figure 47 ). For example, Leitner et al. demonstrated the ability of the complex [Ru(Triphos)(TMM)] (Triphos = 1,1,1-tris(diphenylphosphinomethyl)ethane, TMM = trimethylene methane), which also promotes the hydrogenation of esters, amides, carbonates and urea derivatives, to catalyze the hydrogenation of carboxylic acids [109] . This system operates under neutral conditions thus avoiding formation of undesired by-products and giving the alcohols in high selectivity. Similarly, Beller et al. employed a catalytic system composed by [Ru(acac) 3 ] (acac = acetylacetonate), the Triphos ligand and a Lewis acid such as Sn(OTf) 2 for the hydrogenation of alkyl-substituted carboxylic acids, or Al(OTf) 3 in the reduction of benzoic acid [110] . The reduction of medium to long chain renewable carboxylic acids such as propionic, butyric, hexanoic and octanoic acids were effected with TONs from 16 to 20, and the formation of esterification products was prevented by addition of water. Interestingly, while other phosphine ligands were also screened in the hydrogenation of carboxylic acids, only the use of the Triphos ligand provided an active catalyst. Moreover, by applying the same catalyst precursor and closely related reaction conditions but in the presence of an excess of an alcohol, the hydrogenation of the carboxylic acids yielded unsymmetrical ether derivatives [111] . Based on the results reported by the Leitner and Beller groups, Deng, Palkovits et al. examined other Ru-based catalytic systems incorporating Triphos-like PPP and PPN ligands [112] . These catalysts were tested in the reduction of bio-based carboxylic acids, although shorter chain lengths carboxylic acids could also be reduced giving as the major products the corresponding esters. Naruto and Saito determined that phosphine monocarboxylate ruthenium [Ru(OCOR)(phosphine) 2 ] + complexes are highly active catalysts for the hydrogenation of carboxylic acids to alcohols (Figure 48 ) [113] . These catalytically active species were generated in situ from a combination of [Ru 2 Cl 2 (μ-Cl) 2 (μ-OH 2 )(P(3,5-xylyl) 3 ) 4 ] and NaOAc, or [Ru 2 Cl 2 (μ-Cl) 2 (μ-OH 2 )(dppb) 2 ] (dppb = Ph 2 P(CH 2 ) 4 PPh 2 ) and Na(acac) (acac = acetylacetonate). Interestingly, unlike other catalysts for the hydrogenation of carboxylic acids, this catalytic system cannot promote the reduction of esters. 
Non-noble metal catalysts
The only example of first-row metal-based catalyst for carboxylic acid hydrogenation has been reported by Elsevier, de Bruin and coworkers [80] . The catalytic system is formed from Co(BF 4 ) 2 and the tripodal Triphos ligand and operates under relatively mild conditions (80 bar H 2 , 100°C) providing TONs of up to 8000 in the hydrogenation of aromatic and aliphatic (long and short-chain) carboxylic acids. As shown above this catalytic system is also active in ester hydrogenation, although faster reactions were observed for the reduction of the carboxylic acids. With this catalyst, acetic acid was hydrogenated to ethanol in 94 % conversion after 22 h by using a substrate-to-catalyst ratio of 400, while reduction of formic acid to a mixture of methanol and methyl formate was accomplished with moderate to high conversions (56-99 %, 22 h) using S/C ratios between 200 and 400. Notably, the Triphos-Co catalyst is more efficient in the hydrogenation of carboxylic acids than the previously reported ruthenium and iridium catalysts.
Conclusions and outlook
Hydrogenation of carbonyl derivatives serves as a method for the regeneration of alcohols employed as liquid organic hydrogen carriers (LOHCs). While significant progresses have been achieved in the last decade in the hydrogenation of ketones as well as in the reduction of low reactive esters and amides, development of more highly active, long-lived first-row metal based catalysts is required for a widespread implementation of alcohol/carbonyl derivative systems in H 2 storage.
Furthermore, by considering the principle of microscopic reversibility, catalysts that promote the hydrogenation of a carbonyl derivative to alcohol should also catalyze the reverse dehydrogenation process. However, there are still a limited number of fully reversible H 2 -storage systems based on alcohol/carbonyl derivative pairs, and all of them involve the use of costly catalysts that operate at relatively high catalyst loadings [16, 87, 88] . Among these systems, the highest hydrogen storage capacity achieved has been 2.8-2.9 %wt, obtained by the use of a 2-isopropanol/acetone system (maximum capacity of 3.35 %wt H 2 ) in which the hydrogenation and dehydrogenation processes are catalyzed by an iridium complex (S/C = 67) under solventless conditions [16] . On the other hand, the two other reversible systems reported are based on alcohol+amine/amide pairs and made use of ruthenium catalysts (S/C = 100-250) [87, 88] . Since the latter systems were tested using solutions in dioxane of the hydrogen carrier, significantly lower hydrogen capacities (0.085 %wt and 1.65 %wt) with respect to the maximum theoretical values (6.56 %wt and 5.3 %wt, respectively) were obtained.
In summary, it can be expected that research in this field will continue with a focus in the development of reversible H 2 -storage systems based on widely available, stable and low-toxic alcohol/carbonyl derivative pairs in which the loading and release of hydrogen can easily be performed by the participation of the same catalyst by just adjusting the reaction conditions, mainly temperature and hydrogen pressure. Regarding catalysts, as mention above, an emphasis in the development of cost-effective and productive catalytic systems that can function both in the hydrogen release (dehydrogenation) and recharge (hydrogenation) processes can be foreseen.
